Apoptosis is a hallmark event observed upon infection with many viral pathogens, including in¯uenza A virus. The apoptotic process is executed by a proteolytic system consisting of a family of cysteinyl proteases, termed caspases. Since the consequences of apoptosis induction and caspase activation for the outcome of an in¯uenza virus infection are not clear, we have addressed this issue by interfering with expression or function of a major virus-induced apoptosis effector, caspase 3. Surprisingly, in¯uenza virus propagation was strongly impaired in the presence of an inhibitor that blocks caspase 3 and in cells where caspase 3 was partially knocked down by small interfering RNAs. Consistent with these ®ndings, poor replication ef®-ciencies of in¯uenza A viruses in cells de®cient for caspase 3 could be boosted 30-fold by ectopic expression of the protein. Mechanistically, the block in virus propagation appeared to be due to retention of the viral RNP complexes in the nucleus, preventing formation of progeny virus particles. Our ®ndings indicate that caspase 3 activation during the onset of apoptosis is a crucial event for ef®cient in¯uenza virus propagation.
Introduction
Apoptosis, a morphologically and biochemically de®ned form of cell death (Kerr et al., 1972) , has been demonstrated to play a role in a variety of diseases including virus infections (Razvi and Welsh, 1995) . Apoptosis is mainly regarded to be a host cell defence against virus infections since many viruses express anti-apoptotic proteins to prevent this cellular response. The central component of the apoptotic machinery is a proteolytic system consisting of a family of cysteinyl proteases, termed caspases (for review, see Cohen, 1997; Thornberry and Lazebnik, 1998) . Two groups of caspases can be distinguished:
upstream initiator caspases such as caspase 8 or caspase 9, which cleave and activate other caspases, and downstream effector caspases, including caspase 3, 6 and 7, which cleave a variety of cellular substrates thereby disassembling cellular structures or inactivating enzymes (Thornberry and Lazebnik, 1998) . Caspase 3 is the most intensively studied effector caspase. Work on MCF-7 breast carcinoma cells, which are de®cient in caspase 3 due to a deletion in the Casp3 gene, has revealed the existence of a crucial caspase 3-driven feedback loop, which mediates the apoptotic process (Janicke et al., 1998; Slee et al., 1999) . Thus, caspase 3 is a central player in apoptosis regulation and the level of procaspase 3 in the cell determines the impact of a given apoptotic stimulus.
In¯uenza A viruses are the prototype of the family Orthomyxoviridae and possess a genome of eight singlestranded RNA segments of negative polarity. It has long been known that in¯uenza virus infection results in the induction of apoptosis both in cell culture and in vivo (Takizawa et al., 1993; Fesq et al., 1994; Hinshaw et al., 1994; Mori et al., 1995) ; however, the consequence of this activation for virus replication or host cell defence is less clear (Schultz-Cherry et al., 1998; Ludwig et al., 1999) . Early studies demonstrated that overexpression of the antiapoptotic protein Bcl-2 results in impaired virus production correlating with a misglycosylation of the viral surface protein hemagglutinin (Hinshaw et al., 1994; Olsen et al., 1996) . Furthermore, it has been shown by the same group that the viral non-structural protein NS1 has pro-apoptotic features and induces apoptosis when ectopically expressed (Schultz-Cherry et al., 2001) . These data have been challenged recently by the ®nding that a recombinant in¯uenza virus lacking the same protein, the delta NS1 virus, is a stronger apoptosis inducer than the wild type, suggesting an anti-apoptotic function of NS1 (Zhirnov et al., 2002) . These ®ndings link viral apoptosis induction to the antiviral type I interferon (IFNa/b) response, since the NS1 protein was shown to be an ef®cient IFNa/b antagonist (Garcia-Sastre, 2001 ) and type I interferons are believed to be main inducers of in¯uenza virus-induced apoptosis (Balachandran et al., 2000) . Another ®nding in favour of an antiviral role of apoptosis is caspase-mediated cleavage of the in¯uenza viral nucleoprotein (NP) (Zhirnov et al., 1999) . The truncated form of the NP is not packaged into viral particles, suggesting that caspases act to limit amounts of virus protein for proper assembly. However, only the NPs of human virus strains are susceptible to this cleavage process (Zhirnov et al., 1999) .
With the identi®cation of PB1-F2, a new in¯uenza virus protein expressed from a +1 reading frame of the PB1 polymerase gene segment, another pro-apoptotic in¯uenza virus protein has been discovered (Chen et al., 2001 ).
PB1-F2 induces apoptosis if added to cells, and infection
Caspase 3 activation is essential for ef®cient in¯uenza virus propagation The EMBO Journal Vol. 22 No. 11 pp. 2717±2728, 2003 ã European Molecular Biology Organization with recombinant viruses lacking the protein results in reduced apoptotic rates in lymphocytes (Chen et al., 2001) . However, most of the avian virus strains are lacking the reading frame for this protein and PB1-F2-de®cient viruses do not affect apoptosis in a variety of other host cells (Chen et al., 2001) . These results have let to the assumption that apoptosis induction by PB1-F2 may be required for the speci®c depletion of lymphocytes during an in¯uenza virus infection, a process that is observed in infected animals (Van Campen et al., 1989a,b; Tumpey et al., 2000) .
Others suggest an antiviral function of apoptosis by providing apoptotic cells or material to be ef®ciently phagocytosed by macrophages (Watanabe et al., 2002) or to be taken up by dendritic cells, inducing a cytotoxic T-cell response (Albert et al., 1998) . However, no direct proof for each of the suggested functions has yet been given.
Here we show that in¯uenza virus induces apoptosis in a variety of cell lines independent of a functional type I interferon response and that apoptotic activation of caspase 3 is required for ef®cient virus production by coregulating an intrinsic viral export process.
Results
Switch of phosphatidylserine to the outer lea¯et of cells is an early event in the process of apoptosis induction (Schlegel and Williamson, 2001) and is rapidly observed upon in¯uenza A virus infection of different cell lines, as assessed in annexin V stainings ( Figure 1A ). As pointed out previously, type I interferons are believed to be major inducers of apoptosis in in¯uenza virus-infected cells (Balachandran et al., 2000) . Interestingly, we observed similar kinetics and levels of apoptosis induction in MDCK cells, A549 lung epithelial cells and Vero cells. The latter cell type is devoid of a type I interferon response due to a deletion in the IFNa/b genes (Diaz et al., 1988) . This indicates that in¯uenza viruses are capable of inducing apoptosis in the absence of a functional IFNa/b response.
Caspases are the main executioners of the apoptotic response inside the cell. Consistent with earlier studies using various in¯uenza virus strains and cell types (Takizawa et al., 1999; Zhirnov et al., 1999; Nichols et al., 2001; Lin et al., 2002) we observed proteolytic cleavage of poly(ADP-ribose) polymerase (PARP) (Tewari et al., 1995) , a substrate of several caspases, including caspase 3, in MDCK, A549 and Vero cells ( Figure 1B) . Infection of all three cell lines with UVinactivated virus did not result in any PARP cleavage ( Figure 1B ). This indicates that caspase activation and apoptosis induction require productive infection of the cell. Furthermore, the data helped to rule out the possibility that cytokines released to the medium from infected cells in which the virus was grown are responsible for the observed effects. Virus-induced caspase activity could be ef®ciently suppressed by Z-DEVD-FMK, a cell-permeable, nontoxic inhibitor that binds irreversibly to activated caspase 3 and some other caspases in apoptotic cells (Figure 2A, a and b). When we compared titres of viruses grown in control cells to virus titres from cells treated with Z-DEVD-FMK we made a surprising observation. Virus titres fell to the same extent as caspase activity with increasing concentrations of the inhibitor ( Figure 2B and C). This indicates that caspase activity is required for ef®cient in¯uenza virus propagation. Interestingly, viral protein synthesis appears not to be affected by the caspase inhibitor. As assessed in western blots, neither the synthesis of the NP or the NS1, which are early viral proteins, nor the production of the matrix protein (M1), which is expressed late in the virus life cycle, was reduced (Figure 2A, c±e) . This is consistent with earlier studies of Takizawa et al. (1999) showing that although virusinduced cell death could be inhibited by peptide caspase inhibitors, there was no effect on viral protein synthesis. Nevertheless, in the same samples ef®cient caspase inhibition and a concomitant reduction of viral titres were observed ( Figure 2B and C). This strongly suggests that all the early events in the viral life cycle, such as virus entry, genome release, transcription and replication, as well as translation of early and late viral proteins, are not affected by caspase action. This is further supported by the ®nding that the full inhibitory effect on virus propagation is still seen when Z-DEVD-FMK was added as late as 4 h post-infection to the cell medium. In contrast, presence of the drug in the ®rst 2 h of infection and subsequent washout did not result in any signi®cant interference with virus production ( Figure 3A) . The central role for the caspases inhibited by Z-DEVD-FMK, including caspase 3, in the propagation of in¯uenza virus is further highlighted by the observation that Z-VAD-FMK, a pan-caspase inhibitor, showed no enhanced inhibitory effect in comparison to Z-DEVD-FMK ( Figure 3B ), albeit that it additionally inhibits several other in¯uenza virus-induced caspases (Takizawa et al., 1999) . Moreover, inhibition of virus growth was also observed in cells transiently expressing XIAP, a protein that inhibits active caspases 3, 7 and 9 (Deveraux et al., 1997) , while overexpression of procaspase 3 resulted in an enhanced virus production ( Figure 4A and C). Again in these experiments the level of cellular caspase activity correlated directly with the amount of progeny virus produced in the respective host-cell culture (Figure 4B and C) . This prompted us to analyse in¯uenza virus propagation in a cell line that lacks caspase 3 due to a chromosomal deletion, the MCF-7 breast carcinoma cell line (Janicke et al., 1998) . In wild-type MCF-7 cells where no caspase 3 activity is detectable in¯uenza virus replicates only very poorly ( Figure 5A ). However, if these cells were resupplied with the enzyme by transfection of a plasmid expressing procaspase 3, virus titres could be boosted by 30-fold ( Figure 5A ). As a further proof that the poor replication ef®ciency of in¯uenza viruses in MCF-7 cells is due to the lack of caspase 3, we knocked down expression of the protein by stable expression of different caspase 3-speci®c small interfering RNAs (siRNAs). The different siRNAs showed a variable degree of knock-down ef®ciency ( Figure 5B ). This correlated perfectly with the decrease of viral titres observed in the different caspase 3 knock-down cell lines ( Figure 5C ). In the knock-down cell line with the lowest caspase 3 expression (113), viral titres were reduced~10-fold, while no reduction was observed Twenty-four hours p.i., supernatants were collected and cells were lysed. (A) Protein lysates were separated by SDS±PAGE and transferred to nitrocellulose membranes, before western blot experiments were performed. Antibodies against the in¯uenza viral proteins NP (c), NS1 (d) and M1 (e) were used to analyse effects on viral protein synthesis. (B) Relative band intensity of cleaved PARP in (b) was quanti®ed using the TINA Software (Raytest) to estimate relative caspase activity. The DMSO-treated control was set to 100%. (C) Virus titres from supernatants of the samples described in (A) as determined in common plaque titrations. Data shown are from independently con®rmed triplicate plaque titrations.
Role of caspase 3 in in¯uenza virus propagation in cells expressing a control construct with an insertion in the siRNA target sequence ( Figure 5C ). Interestingly, cells appear to compensate for the lack of caspase 3 by overexpression of caspase 7, while expression or activity of caspase 9 was not signi®cantly altered ( Figure 5E ). However, the compensatory overexpression of caspase 7 did not rescue viral replication ef®ciencies. This clearly demonstrates that activation of the effector caspase 3 is most crucial for an ef®cient replication of in¯uenza virus in cultured cells.
A remaining question to be addressed is: which late event in the virus life cycle is affected by caspase 3 inhibition. In¯uenza A viruses pursue a nuclear replication strategy. Thus, they have to export their genome in the form of ribonucleoprotein (RNP) complexes from the nucleus to the cytoplasm of the infected cell. With respect to this export process it was interesting to observe that in caspase 3 knock-down cells cytoplasmic accumulation of the RNPs appeared to be inhibited ( Figure 5D ). Ef®cient RNP migration to the cytoplasm was readily detected 5 h post-infection in wild-type A549 cells, whereas in knockdown cells RNPs were mainly nuclear, as assessed in immuno¯uorescence studies of the viral nucleoprotein, the major component of the RNPs ( Figure 5D ). The same ef®cient retention of the RNPs was observed when infected cells were treated with the active caspase inhibitor Z-DEVD-FMK ( Figure 6C ), while the inactive analogue Z-FA-FMK had no effect ( Figure 6B ). This ®nding was reminiscent of an earlier observation that inhibition of virus-induced signalling through the Raf/MEK/ERK kinase cascade by the speci®c MEK inhibitor U0126 leads to nuclear RNP retention ( Figure 6D ) . Thus, we analysed whether both signalling events may crosstalk to each other to result in the same outcome for viral replication. Although MEK inhibition had no effect on PARP cleavage ( Figure 7A ) and blockade of Twenty-four hours p.i., virus titres were determined by plaque assay. The DMSO control was arbitrarily set as 100%. The data shown are a mean 6 SE of triplicate plaque titrations which were independently con®rmed.
caspase 3 did not affect viral ERK activation ( Figure 7B ), both inhibitors act synergistically to impair in¯uenza virus replication ( Figure 7C , left panel). Moreover, inhibition of MEK still resulted in a reduction of virus titres in caspase 3-de®cient MCF-7 cells ( Figure 7C , right panel). Thus, both signalling events support viral RNP export; however, the underlying mechanisms are likely to be different. U0126 inhibits RNP export at least in part through interference with the activity of the viral nuclear export protein (NS2/NEP), which has been shown to interact with the cellular export machinery (O'Neill et al., 1998) . However, it may well be that the virus uses additional strategies to optimize RNP export. It has recently been reported that active caspases directly or indirectly increase the diffusion limit of nuclear pores (Faleiro and Lazebnik, 2000) . This increase allows molecules that could not pass through these pores in living cells to enter or leave the nucleus during apoptosis by diffusion. To analyse whether such a cell death-related passive diffusion would be a second alternative export mechanism of viral proteins, we employed a virus-free experimental setting. We transiently expressed the viral nucleoprotein that is nuclear in unstimulated cells ( Figure 8A ) (Neumann et al., 1997) . If these NPtransfected cells were stimulated with the apoptosis inducer staurosporine, NP was detected in a speckled appearance both in the nucleus and in the cytoplasm of the cell ( Figure 8B ). This NP export appears to be caspase dependent since it could be at least partially prevented by Z-DEVD-FMK ( Figure 8C ). Moreover, cytoplasmic accumulation of the NP was not due to active nuclear export processes since it was not blocked by an inhibitor of the nuclear export machinery, leptomycin B. To analyse whether caspase-mediated passive diffusion is also allowed for large RNP complexes, we mimicked formation of these complexes with a plasmid-based system used for reverse genetic approaches to express the minimal components of a functionally active in¯uenza viral RNP polymerase complex (Pleschka et al., 1996) . To detect proper formation and function of the RNP complex, a template RNA that expresses green¯uorescent protein (GFP) under the control of the in¯uenza viral promoters was co-expressed. Figure 9 shows that GFP-positive RNPcontaining cells also showed a cytoplasmic staining for RNPs upon apoptosis induction. This was inhibited by Z-DEVD-FMK but not by U0126, again arguing for a passive export process distinct form that controlled by the Raf/MEK/ERK cascade. Thus, apoptosis induction in infected cells, in particular activation of caspase 3, appears to be required for an ef®cient migration of the RNPs out of the nucleus to be packaged into progeny virions. Inhibition of caspase 3 activity results in nuclear RNP retention, which is most likely the molecular basis of subsequent reduction of virus titres.
Discussion
The question whether apoptosis in in¯uenza virus-infected cells is bene®cial for virus replication or for host-cell defence is still under debate. Here we have shown that apoptosis induction, in particular activation of caspase 3, is essential for ef®cient in¯uenza virus propagation. On a molecular level, a caspase-dependent process appears to be required for migration of the viral RNPs from the nucleus to the cytoplasm of the infected cell.
Our ®ndings are supported by several previous indications that apoptosis might be bene®cial for virus growth. First of all, two viral proteins have been reported to act as apoptosis promoters: the NS1 protein and the recently identi®ed PB1-F2 (Chen et al., 2001; Schultz-Cherry et al., 2001) . PB1-F2 is only expressed in later phases of replication. This is in accordance with our ®nding that a later step in the virus life cycle requires caspase activity. In addition, it has been reported that in cells overexpressing the anti-apoptotic protein Bcl-2, virus replication is repressed (Olsen et al., 1996) . Interestingly the authors Fig. 4 . Caspase activity is crucial for in¯uenza A virus replication. MDCK cells were transfected with control vector or plasmids encoding the caspase inhibitory protein XIAP or procaspase 3. Transfection ef®-ciency was determined upon parallel transfection of a GFP-expressing plasmid in FACS analysis to be 60%. Twenty-four hours post-transfection, cells were infected with in¯uenza A virus (m.o.i. = 1). Supernatants were collected and cells were harvested 24 h p.i. (A) Proteins of cell lysates were separated by SDS±PAGE and blotted onto nitrocellulose. Membranes were incubated with an anti-PARP antibody to monitor caspase activity. Overexpression of GST±XIAP or procaspase 3 was veri®ed by anti-GST or anti-caspase 3 antibodies (note that the caspase 3 antibody does not detect endogenous protein in MDCK cells). Equal loading of proteins was determined with an anti-ERK western blot. (B) Band intensity of cleaved PARP in (A) served as a marker for caspase activation levels. (C) Supernatants were assayed for virus content in common plaque titrations. Virus titres are shown relative to the DMSO control, which was arbitrarily set as 100%.
Role of caspase 3 in in¯uenza virus propagation
have also observed that upon infection of Bcl-2-expressing cells, the viral RNP complexes were retained in the nucleus (Hinshaw et al., 1994) . Although ectopic overexpression of an antiviral protein might be a more arti®cial situation compared with selective inhibition of a virusinduced activity, it is striking that in both cases inhibition of the apoptotic process results in the same molecular outcome.
Export of the RNPs has been demonstrated to be at least in part mediated by the active cellular export machinery involving activity of the viral nuclear export protein (NS2/ NEP) (O'Neill et al., 1998) . We have shown recently that (E) Parental A549 or caspase 3 knock-down cells (clone 113) were either left uninfected or infected with in¯uenza A virus. Twenty-four hours p.i., cell lysates were subjected to western blot analysis with antisera against cleaved and uncleaved caspases 3, 7 and 9. Equal loading of the gel was veri®ed by western blotting with anti-ERK2.
Role of caspase 3 in in¯uenza virus propagation the cellular Raf/MEK/ERK signalling pathway is activated upon in¯uenza virus infection and supports active nuclear RNP export at least in part through NS2/NEP action . Caspase-dependent RNP migration most likely occurs through a different mechanism since caspase activation has never been linked to the function of the nuclear export machinery. The recent ®nding that active caspases directly or indirectly increase the diffusion limit of nuclear pores (Faleiro and Lazebnik, 2000) to allow passive diffusion of larger proteins suggests an alternative export strategy. Such a scenario is supported by our ®nding that isolated NPs or RNP complexes, which are nuclear when ectopically expressed, can partially translocate to the cytoplasm upon stimulation with an apoptosis inducer in a caspase 3-dependent manner (Figures 8 and 9 ).
It is puzzling that both a mainly anti-apoptotic acting signalling pathway such as the Raf cascade and proapoptotic mediators such as caspases should support the same step in the viral life cycle. The data presented here indicate that, although the two pathways do not in¯uence each other, they act synergistically in virus propagation. Our ®ndings are compatible with a model in which in¯uenza virus has acquired the capability to take advantage of complementary host cell responses to support viral propagation. It is a common observation that viruses persue parallel strategies to optimize their replication. To this end it is interesting that, in the presence of MEK inhibitors, reduction of virus titres is not very effective and does not exceed one log phase . Thus, there is a certain degree of leakiness against MEK inhibition which was also observed on the level of RNP export in very late stages of the viral life cycle (our unpublished observation). This leakiness may be due to caspase-mediated passive diffusion of RNPs in late stages of the replication cycle, when integrity of the nuclear membrane may not be relevant for virus replication anymore. That would be a likely mechanism to further enhance RNP migration to the cytoplasm and thereby support virus replication.
It is a common belief that in¯uenza virus-induced apoptosis is mainly caused by type I interferons acting in an autocrine and paracrine fashion via a caspase 8-dependent mechanism (Balachandran et al., 2000) . Since IFNa/b are the most potent antiviral cytokines, this mechanism would argue for a role of apoptosis in host- cell defence. However, since we observed the same levels of phosphatidylserine switch and PARP cleavage both in normal cells and IFNa/b-de®cient cells (Figure 1) , the major mechanism of apoptosis induction appears to be independent of these cytokines. This is further supported by the ®nding that UV-inactivated virus in supernatants, which should still contain all secreted antiviral cytokines, did not induce apoptosis ( Figure 1B) . Thus, type I interferons may rather act as apoptosis modulators but not as cell death initiators during an in¯uenza virus infection.
Although there is probably involvement of other upstream caspases in the observed effects, the data obtained with caspase 3 knock-down and MCF-7 cells clearly highlight a very prominent role of this enzyme for viral growth. Thus, our ®ndings suggest that caspase 3 might be a good target for anti-viral intervention. However, although caspase 3 inhibition may reduce virus titres in cells of an infected tissue in the ®rst place, it will also lead to a prolonged cell survival. That would mean that the remaining virus meets a greater number of cells to grow, which may result in higher end titres. Thus, the suitability of a caspase 3 inhibitor as an anti-in¯uenza virus agent cannot be predicted yet and rigorous tests in animal models would have to precede any conclusive statement on that issue.
Beside its critical role in apoptosis, caspase 3 has been shown recently to act in other cellular decision processes independent of cell death induction (Fernando et al., 2002) . Thus, one may hypothesize that in¯uenza virus takes advantage of early events of apoptosis, such as caspase 3 activity, while the full execution of the apoptotic process may be an antiviral response. In support of such an assumption, cytoplasmic translocation of the NP or RNPs upon apoptosis induction with staurosporine is already observed in cells that do not exhibit late signs of apoptosis, such as nuclear condensation or membrane blebbing (Figures 8 or 9 ). Our ®ndings are compatible with a scenario where cellular responses of the antiviral defence are employed by the virus to support its replication at some stage. This may even include complementary responses such as anti-apoptotic activation of the Raf pathway or pro-apoptotic activation of caspases. It is easier for a viral invader to take advantage of existing cellular activities than to develop strategies to actively induce these activities in the infected host cell. Thus, there appears to be no black or white situation. Cellular antiviral responses may also be supportive for the virus at some point. To fully evaluate the role of a given cellular component by interference with its function, it will always be necessary to assess either the net outcome on virus titres from cell culture or to monitor the disease progression in an infected animal.
Materials and methods

Viruses, cells and viral infections
Avian in¯uenza virus A/Bratislava/79 (H7N7) (FPV) was taken from the strain collection of the Institute of Virology in Giessen, Germany, and used for infection of different cell lines. Madin-Darby canine kidney (MDCK) cells and the African green monkey epithelial cell line Vero were grown in minimal essential medium (MEM); the human alveolar epithelial cell line A549 was grown in Ham's F12; the caspase 3-de®cient human breast cancer cell line MCF-7 was grown in RPMI 1640 medium. All growth media contained 10% heat-inactivated fetal bovine serum and antibiotics. For infection, cells were washed with phosphate-buffered saline (PBS) and infected with FPV at the indicated multiplicity of infection (m.o.i.) in PBS/BA [PBS containing 0.2% bovine serum albumin (BSA), 1 mM MgCl 2 , 0.9 mM CaCl 2 , 100 U/ml penicillin, 0.1 mg/ml streptomycin] for 45 min at 37°C. The inoculum was aspirated and cells were incubated with RPMI 1640/BA (MCF-7), Ham's F12/BA (A549) or minimal essential medium/BA (MDCK, Vero) (medium containing 0.2% BSA and antibiotics). The amount of infectious virus in cell supernatants was determined in common plaque assays as described previously Pleschka et al., 2001) .
Plasmids, antibodies and inhibitors
The pEBG-XIAP expression plasmid was kindly provided by B.W.M.Jordan (Jordan et al., 2001) . The pcDNA3/YAMA (procaspase-3) construct was a kind gift of M.Tewari (Tewari et al., 1995) . Plasmids expressing the minimal constituents of the in¯uenza virus RNP polymerase complex (PB1, PB2, PA and NP), as well as a plasmid expressing a template viral RNA with in¯uenza virus-speci®c promoter structures¯anking an antisense coding region for GFP, were described previously (Pleschka et al., 1996; Ludwig et al., 2001) . The anti-PARP monoclonal antibody was purchased from Transduction Laboratories. Antisera against the in¯uenza virus proteins NP, NS1 and M1 were provided by Robert G.Webster, Memphis, TN, and Thorsten Wolff, Berlin, respectively. Antisera against cleaved caspase 3 (#9961), caspase 3 (#9662), cleaved caspase 7 (#9491), caspase 7 (#9492), cleaved caspase 9 (#9501) and caspase 9 (#9502) were purchased from Cell Signaling Technologies and all used at a 1:1000 dilution. The anti-GST antiserum was produced at the MSZ, Wu Èrzburg. The MEK inhibitor U0126 (Promega) was freshly dissolved in DMSO at a 10 mM stock concentration and used as described previously . The caspase inhibitor Z-DEVD-FMK, a pan-caspase inhibitor Z-VAD-FMK or an inactive inhibitor analogue Z-FA-FMK (all`ready-to-use' at 2 mM in DMSO; Alexis Biochemicals) were added to the medium at the concentrations indicated after aspiration of the inoculum and maintained throughout the experiments unless otherwise indicated. Staurosporine and leptomycin B were purchased from Sigma-Aldrich.
Analysis of the apoptotic phosphatidylserine switch MDCK, A549 and Vero cells were infected with FPV at a m.o.i. of 3. At the different time points indicated, cells were washed with PBS, detached from the culture plates with 0.25% trypsin and spun down. Cell pellets were washed twice with PBS. Annexin-V±Alexa568 (Roche Molecular Biochemicals) stain was used according to the manufacturer's instructions to detect phosphatidylserine exposure at the outer lea¯et of the cell Fig. 9 . Apoptosis induction promotes caspase-dependent cytoplasmic accumulation of in¯uenza virus RNP complexes. MDCK cells were transfected with expression plasmids encoding the in¯uenza A virus PB1, PB2, PA and NP proteins together with a plasmid expressing a template RNA with in¯uenza-speci®c promoter regions¯anking an antisense GFP coding region (Pleschka et al., 1996) . GFP expression in green indicates formation of a functional viral RNP polymerase complex. Sixteen hours post-transfection, cells were treated with solvent (DMSO) (A), 1 mM staurosporine and DMSO (B), 1 mM staurosporine and 40 mM U0126 (C) or 1 mM staurosporine and 40 mM Z-DEVD-FMK (D) for 5 h. Cells were ®xed with paraformaldehyde, permeabilized with 0.5% Triton X-100 and stained for viral NP with a speci®c anti-NP goat antiserum and an anti-goat Texas Red antibody. Cell nuclei were counterstained with DAPI. Stained cells were visualized with an inverse¯uorescence microscope (magni®cation 403).
membrane as an early apoptotic marker. Apoptotic cells were detected and quanti®ed by FACS analysis.
Transient transfections and western blotting MDCK and MCF-7 cells were transfected with LipofectAMINE 2000 (Life Technologies) according to the manufacturer's instructions. Cells were lysed in Triton lysis buffer (20 mM Tris±HCl pH 7.4, 137 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 50 mM sodium glycerolphosphate, 20 mM sodium pyrophosphate, 5 mg/ml aprotinin, 5 mg/ml leupeptin, 1 mM sodium vanadate, 5 mM benzamidine) on ice for 10±20 min. Cell lysates were then centrifuged and protein contents in supernatants were estimated employing a protein dye reagent (Bio-Rad Laboratories). Equal amounts of protein were separated by SDS±PAGE and blotted onto nitrocellulose membranes.
Indirect immuno¯uorescence analysis MDCK cells were grown on chamber slides (Lab-Tak II Chamber Slide System; Nalge Nunc Int.). When 50% con¯uence was reached, cells were infected with FPV. Thirty minutes post-infection (p.i.), the inoculum was aspirated and medium/BA supplemented with DMSO or inhibitors was added. Five hours p.i., cells were washed twice with PBS, then ®xed for 30 min with 3.7% paraformaldehyde (in PBS) at room temperature. After washing, cells were permeabilized with acetone or 0.5% Triton X-100, washed with PBS and blocked with 20% fetal bovine serum in PBS for 20 min at 37°C. After blocking, cells were incubated with goat antiserum against the viral NP (1:300) in PBS supplemented with 3% BSA for 1 h. After further washes, cells were incubated with Texas Red-labelled antirabbit IgG (1:100; Dianova) in PBS/3% BSA for 1 h. Phalloidin±FITC incubations were performed together with the secondary antibody. Finally, nuclei were stained with DAPI (5 mg/ml) in a 1:1000 dilution. Subsequently, cells were washed and mounted with Moviol (SigmaAldrich). Fluorescence was visualized using a Leitz DMRB¯uorescence microscope.
siRNA mediated knock-down of caspase-3 in A549 cells SiRNA target sequences of caspase-3 (DDBJ/EMBL/GenBank accession No. NM004346), TGACATCTCGGTCTGGTAC (nucleotides 417±435), CTGGACTGTGGCATTGAGA (nucleotides 734±755) and TACCAG-TGGAGGCCGACTT (nucleotides 795±813) (clones 113, 252 and 311, respectively) were cloned into pSUPER vectors as described (Brummelkamp et al., 2002) . Constructs were veri®ed by sequencing, identifying an insertion in one of the clones (termed 313). This construct served as a negative control. The constructs were transfected together with the pCAGI-Puro vector into A549 cells. Twenty-four hours after transfection, cells were washed and incubated in growth medium, supplemented with 1 mg/ml puromycin. After 24 h, cells were extensively washed with PBS to get rid of dead or dying cells. This procedure was repeated over the following 7 days, in the presence of 0.6 mg/ml puromycin. After 7 days, cells were used for western blotting and viral replication studies.
